Summary To determine the association of the Apolipoprotein E (APOE) E4 gene polymorphism with bone mineral density (BMD) and fractures we conducted a meta-analysis of 17 reports. Despite lower trochanteric and lumbar BMD in APOE4 carriers, there is insufficient evidence to support a consistent association of APOE with bone health. Introduction APOE has been studied for its potential role in osteoporosis risk. It is hypothesized that genetic variation at APOE locus, known as E2, E3, and E4, may modulate BMD through its effects on lipoproteins and vitamin K transport. The purpose of this study was to determine the association of the APOE-E4 gene polymorphism with bonerelated phenotypes. Methods We conducted a meta-analysis that combined newly analyzed individual data from two communitybased cohorts, the Framingham Offspring Study (N= 1,495) and the vitamin K clinical trial (N=377), with 15 other eligible published reports. Bone phenotypes included BMD measurements of the hip (total hip and trochanteric and femoral neck sites) and lumbar spine (from the L2 to L4 vertebrae) and prevalence or incidence of vertebral, hip, and other fractures. Results In sex-pooled analyses, APOE4 carriers had a 0.018 g/cm 2 lower weighted mean trochanteric BMD than Osteoporos Int (2011) 22:1199-1209 DOI 10.1007/s00198-010-1311 non carriers (p=0.0002) with no evidence for betweenstudy heterogeneity. A significant association was also detected with lumbar spine BMD (p=0.006); however, inter-study heterogeneity was observed. Associations with lumbar spine and trochanteric BMD were observed predominantly in women and became less significant in metaregression (p=0.055 and 0.01, respectively). There were no consistent associations of APOE4 genotype with BMD at other skeletal sites or with fracture risk.
Introduction
Apolipoprotein E (APOE) is a ligand for the low density lipoprotein (LDL) receptor, as well as other triglyceriderich lipoprotein receptors, and is therefore largely responsible for the cellular uptake of triglyceride-rich lipoproteins [1] . In mice lacking APOE, there is increased bone formation which has been attributed to a decreased uptake of triglyceride-rich lipoproteins by the osteoblasts [2] . In humans, three common alleles, made up of amino acid substitutions at positions 112 and 158, are found in the population and are known as E2, E3, and E4 [1] .
Given that bone mineral density (BMD) is a major determinant of bone strength acting under substantial genetic regulation (heritability estimates ranging from 0.5 to 0.9), variation in the APOE gene has been studied for its potential role in osteoporosis risk; however, results have been inconsistent. Some association studies have found a lower BMD or increased risk of fracture in carriers of the E4 allele compared to those without the E4 allele [3] [4] [5] [6] , whereas others have not found this association [7] [8] [9] [10] [11] . Large-scale evidence is still lacking to clarify the role of APOE in bone metabolism.
In the current study, we tested the hypothesis that variability in BMD is associated with specific genotypes in APOE. We examined cross-sectional associations in two independent cohorts: a community-based sample of middle-aged men and women (the Framingham Offspring Study) [12] and a sample of healthy older men and women prior to randomization in a vitamin K supplementation clinical trial [13] . Since a considerable number of studies have already accumulated in the field, we combined the findings from these two studies with previously reported results in a meta-analysis to examine the associations of APOE4 genotype with both fracture and BMD of the hip and spine.
Material and methods

Study cohorts
Framingham Offspring Study
The Framingham Osteoporosis Study (FOS) is an ancillary study of the population-based Framingham Heart Study (FHS). The FHS is a community-based, prospective observational cohort of unrelated individuals of European descent described in detail elsewhere [12] . Between 1996 and 2001, eligible participants underwent routine medical history, physical examination, and BMD measures, as well as consented for genetic analysis and provided a blood sample. Unrelated participants in the current study were not selected on the basis of any trait, but are a subset from the Framingham Offspring cohort who provided blood samples for DNA and who had bone phenotypes. The detailed design of the Framingham Osteoporosis Study has been described previously [14] .
Subjects were excluded if using osteoporosis medications (N=48) or the anticoagulant warfarin (N=30). Fortyseven subjects with the APOE 2/4 genotype were also excluded. The final sample consisted of 1,495 individuals.
Vitamin K clinical trial
Free-living men and postmenopausal women, 60-80 years of age, were enrolled in a 3-year, double-blind, randomized, placebo-controlled trial to assess the impact of vitamin K supplementation on age-related bone loss, as described elsewhere [13] . Exclusion criteria included a usual dietary calcium intake >1,500 mg/d; a usual dietary vitamin D intake >1,500 IU/d; women <5 years postmenopausal; femoral neck bone density at screening >1.8 standard deviations above or below an age-and sex-matched reference mean; a 24-h urine calcium to creatinine ratio >300 mg/g for women or >350 mg/g for men; a terminal illness; renal or liver disease; a kidney stone in the past 5 years; current hyperparathyroidism; current warfarin use, and current treatment with an osteoporosis treatment medication or estrogen replacement. Of the 452 participants enrolled in this study, 36 subjects were excluded due to inability to obtain DNA and/or written consent for genotyping. Ten subjects with the APOE 2/4 genotype were also excluded. Given that BMD has been shown to differ by race and ethnicity groups [15] , analyses were limited to Caucasians (93% of the subjects). The final sample consisted of 377 individuals. Data were collected at the baseline visit between 2000 and 2002 before randomization.
The Boston University, Hebrew Senior Life, and Tufts Medical Center Institutional Review Boards reviewed the protocol for the Framingham Offspring Study and the Tufts Medical Center Institutional Review Board reviewed the protocol for the Vitamin K Clinical Trial, also registered with ClinicalTrial.gov (#NCT00183001).
Determination of bone mineral density
In both studies, BMD was measured using dual-energy X-ray absorptiometry (model DPX-L, Lunar Radiation Corp). The BMD measures were taken at the hip (femoral neck and trochanter) and spine (L2-L4). Although total body BMD was measured in the Framingham Offspring Study, this anatomical site was not included in these analyses to be consistent in anatomical sites with the Vitamin K Clinical Trial. No data on fractures were available for these two studies.
Biochemical measurements
Plasma lipid profiles included enzymatic measurement of triglyceride concentrations [16] 
Additional participant characteristics
For both studies, information regarding current medication use, medical history, and smoking status was collected. Height and weight were measured while the subjects stood. Body mass index (BMI) was calculated as the weight in kilograms divided by the square of the height in meters. Current smokers were defined as subjects who reported smoking cigarettes on a regular basis during the previous year. Leisure, household, and occupational activities were estimated with use of the Physical Activity Scale for the Elderly questionnaire [17] .
Genotyping
Three common APOE alleles, made up of amino acid substitutions at positions 112 and 158, are found in the population and are known as E2, E3, and E4 [1] . In the Framingham Offspring Study, DNA was extracted from 5 to 10 mL whole blood with the method described by Miller et al. [18] . APOE genotypes were determined as described by Hixson and Vernier [19] . In vitamin K clinical trial (VitK), genomic DNA was isolated from blood and purified for PCR analysis using the QIAamp DNA Mini Kit (Qiagen Inc., Chatsworth, CA, USA). Genotyping was carried out using the Applied Biosystems (ABI) prism 7900 using single nucleotide polymorphism discrimination assays designed by ABI (Applied Biosystems, Foster City, CA, USA). Accuracy of genotype was tested by introducing 5% dummy duplicates and blank controls. The concordance rate for the duplicates was 100%.
Statistical analysis
Association analysis of individual studies
Statistical analyses for both studies focused on the association between APOE genotype and BMD of the hip and spine. Individuals were defined E4 carriers if they carried at least one APOE4 allele corresponding to the 3/4 and 4/4 genotypes and non-carriers if they carried E2 or E3 alleles and their genotypes were 2/2, 2/3, or 3/3. Due to opposing effects of the E2 and E4 alleles reported for several traits, individuals with the 2/4 genotype were not included in the analyses.
The genotype frequencies were evaluated for HardyWeinberg equilibrium (HWE) using the χ 2 test. Multivariate regression analysis was used to evaluate the association between hip and spine BMD and APOE genotype, while adjusting for age, BMI, physical activity, triglycerides, serum 25(OH)D, and statin use. In the analysis of the Framingham Offspring cohort, additional adjustments were made for menopausal status and estrogen replacement therapy in women. All analyses of individual studies were conducted for men and women separately due to the known gender differences in BMD using SPSS for Windows (v.14). Tests with p value <0.05 were considered statistically significant.
Meta-analysis
We searched PubMed for publications on the association of APOE genotypes with BMD or fractures using combinations of terms such as apolipoprotein E, APOE, bone mineral density, osteoporosis, dual X-ray absorptiometry, and fractures (last search October 16, 2009 ). The full search strategy is provided in Supplemental material. We also screened abstracts from the annual American Society for Bone and Mineral Research meetings (2007-2009) using the same terms. Eligible studies had a sample size of at least ten people, 18 years of age or older, and were published as full articles in English language journals. Eligible were BMD measurements of the lumbar spine (LS), femoral neck (FN), greater trochanter (or intertrochanter region), total hip, or total body with DXA. Fractures were identified either by questionnaire, medical records, or radiographic documentation. Longitudinal studies also had data available on incident fractures that had occurred during the follow-up period. Family based studies were excluded.
For each eligible paper, we extracted bibliographic information, demographics (age, sex, and ethnicity), study design (prospective or retrospective cohort, case-control), details of BMD measurements, definition of fractures (site; whether they were incident or prevalent and how they were diagnosed), and numerical data necessary for meta-analysis. Data extraction was performed by a single investigator (M.Y.) in electronic tables, and was further checked by two independent investigators.
For BMD outcomes, we calculated mean differences with standard errors, and for fractures risk, odds ratios with 95% confidence intervals between E4 allele carriers and noncarriers. We performed sex-pooled and sex-stratified metaanalyses for each outcome separately assuming a dominant model for the E4 allele (E4 carriers versus non-carriers) using the DerSimonian and Laird random effects model [20] . We tested for between-study heterogeneity with Cochran's Q (considered significant when p<0.05) and quantified its extent with I 2 [21] . I 2 is expressed as the proportion of between-study variability that is attributable to heterogeneity rather than chance, with values larger than 50% indicative of high heterogeneity. Because of the way that primary studies reported the data, unadjusted effect sizes were synthesized.
As BMD measurements obtained from the same individuals at different sites are correlated, we performed multivariate (joint) meta-analysis of LS, FN, total hip, total body, and trochanteric BMD (the phenotypes with sufficient number of studies) assuming that the correlation coefficients between the four phenotypes are the same as those that we calculated from the primary data in the FOS and VitK studies. The joint metaanalysis was fitted in a meta-regression framework, using a random effects model estimated with restricted maximum likelihood. The multivariate approach also allows phenotypes with more studies to inform the summary effects of phenotypes with fewer studies (borrowing strength). Such analyses were not possible for fracture data.
Finally, in sensitivity analyses, we excluded the first published [22] , most extreme, or HWE-deviating studies [23] , as well as studies conducted in different ethnic or racial groups to assess the robustness of our results. We also repeated analyses by excluding the two studies that were analyzed in the current work. Meta-analyses were performed in Meta-analyst (Tufts EPC, Boston, MA, USA) [24] and Stata SE 11 (Stata Corp, College Station, TX, USA) using the user-written programs metan and mvmeta. Unless otherwise stated, all p values are two-tailed and uncorrected for multiple comparisons. Nominal significance was set at 0.05.
Results
Association analysis of individual studies
The genotype frequencies conformed to HWE in both cohorts (p>0.05). Participant characteristics of the 809 women and 686 men from FOS and 222 women and 155 men from VitK stratified by APOE genotype are presented in Table 1 . The overall mean age was 60±9 years and 68± 5.5 years, respectively. Carriers of the E4 allele were more likely to be treated with statins (except the men from VitK). Also, male carriers of the E4 allele from FOS had higher total cholesterol levels.
In the FOS, after adjustment for covariates, women carriers of the APOE4 allele had a significantly lower lumbar spine BMD relative to those without the APOE4 allele; however, this association was not found for BMD measures of the hip. APOE genotype was not a significant predictor of BMD in men in this cohort (Fig. 1) . No significant association between the APOE genotype and BMD was detected in the VitK sample (Fig. 1) .
Meta-analysis
Forty-three studies were retrieved and reviewed in full text. Twenty-six were excluded because they did not have primary data (n=11), did not report outcomes of interest (n=11), or were published in languages other than English (n=4; Supplemental Figure S1 ). We finally included 17 studies (counting the two described in this manuscript) that provided data on 22 sex strata. The studies were performed in populations of European descent, with the exception of two studies conducted in Korean [25] and Japanese [4] women and a small study that also included women of African American descent and provided race-adjusted analyses [26] . Most studies excluded APOE 2/4 genotype carriers from the analyses. Table 2 summarizes the characteristics of these studies.
BMD phenotypes
Among 18 sex-specific strata (14 reports in women and four reports in men totaling 8,862 and 2,137 individuals, respectively), BMD at the lumbar spine from the L2 to L4 vertebrae was on average 0.014 g/cm 2 lower in carriers of APOE4 genotype compared to non-carriers (95% CI −0.025 to −0.003; p=0.006; Fig. 1a , Supplemental Table S1 ). This association was observed predominantly among women (0.019 g/cm 2 difference, nominal p=0.006). Significant inter-study heterogeneity was observed in the sex-pooled and women-only analyses (I 2 =51% and 55%, respectively; p<0.01, Supplemental Table S1 ). FN BMD (15 sex-specific strata; 10,658 women, 3,328 men) was on average 0.002 g/ cm 2 lower among APOE4 carriers (p=0.47). These results were similar when women and men or different ethnicities were considered separately (Fig. 1b, Supplemental Table  S1 ). Trochanteric BMD was available for nine strata (2,794 women and 1,108 men). The weighted mean difference between carriers and non-carriers was 0.018 g/cm 2 (lower in carriers, 95% CI −0.027 to −0.008; p=0.0002), with no evidence for between-study heterogeneity (Fig. 1c , Supplemental Table S1 ). As with LS BMD, this association was significant among women but not men (nominal p=0.0004 vs. p=0.27, Supplemental Table S1 ). Neither hip nor total body BMD were associated with APOE4 carrier status ( Fig. 1d and e) , albeit based on fewer studies.
Results of meta-regression were very similar to those of the single-trait meta-analyses for four endpoints (total body BMD was not included because we did not have information on its correlation with other BMD phenotypes). Interestingly, the p value for the association between LS BMD and APOE4 carrier status became non-significant (p= 0.055) and the corresponding p value for the trochanteric BMD became less extreme (p=0.011; Supplemental Table  S2 ).
Fractures
In the sex-pooled analysis, no association was found between the incidence or prevalence of any fractures, hip or vertebral, and APOE4 carrier status (Fig. 2) . In men, APOE4 carriers showed a lower risk of vertebral fractures (OR=0.58; 95% CI 0.35-0.96) compared to non-carriers; this result was based on two studies (N=2,067).
Sensitivity analyses
The aforementioned results were similar in the sensitivity analyses. When we excluded the study showing the most extreme association [25] (N=110), the LS BMD weighted mean difference between genotypes was attenuated (−0.009 g/cm 2 [95% CI −0.018 to 0.000; p=0.04] from −0.014 g/cm 2 ) and the initially observed high betweenstudy heterogeneity became smaller (p for heterogeneity= 0.13, I 2 =29%). This association and between-study heterogeneity disappeared when only studies performed in Caucasian populations were included (N =10,493; p= 0.10). Apart from that, results of most sensitivity analyses were not remarkable (Supplemental Tables S1 and S3) .
Discussion
This study addresses the association between the APOE4 gene polymorphism and osteoporosis-related phenotypes, a topic that has spurred controversy in the literature. Using meta-analysis that combined individual level data from two community-based cohorts, the Framingham Offspring Study and the Vitamin K Clinical Trial, and 15 additional PASE Physical Activity Scale for the Elderly Fig. 1 Association of APOE4 genotypes with BMD (APOE E2/E2, E2/E3, or E3/E3 versus APOE E3/E4 or E4/E4 carrier status) in sex-stratified and pooled analyses: a lumbar spine, b femoral neck, c trochanter, d total hip, and e total body BMD published reports, we found no consistent association of APOE4 genotype with BMD at most skeletal sites or with fracture risk. Although we observed associations of APOE4 with trochanteric and lumbar spine BMD, these results were not robust in sensitivity analyses. Biological plausibility for the association between APOE and bone outcomes has been based on several lines of research. The expression of the APOE gene has been observed in osteoblasts [27] . The mouse model lacking the APOE gene (APOE−/−) has been shown to display a high bone mass phenotype caused by an increased bone formation rate [2] , which can be significantly reduced through bone resorption in the presence of high-fat diet [28] . Moreover, in human studies, the APOE E4 allele, known for modulating effects on serum lipid profiles, has been found to be associated with high levels of total cholesterol, LDL and ApoB and, as a result, with the development of atherosclerosis [29] . It has been suggested that obstructive vascular disease caused by atherosclerotic burden may hamper blood supply to the skeletal sites resulting in bone loss and fractures [30] . Also, vascular calcification has been shown to be associated with lower BMD, and greater bone turnover has been associated with increased risks for cardiovascular events [31] . Further, elevated levels of LDL in APOE4 allele carriers have been shown to accumulate oxidized lipids in subendothelial space of bone vasculature that can, in turn, lead to inhibition of osteoblast differentiation [32, 33] . Finally, it is thought that APOE mediates vitamin K transport, which is essential for carboxylation of glutamic acid residues of osteocalcin, an important bone protein [34, 35] .
Our results are consistent with recent meta-analyses of genome-wide studies that did not identify genome-wide significant associations (i.e., associations with p values <10 −8 ) near the APOE gene for BMD and osteoporotic fractures [36, 37] . However, here, we provide a detailed presentation of the specific association and examine phenotypes, such as trochanteric, total hip, and total body BMD, that were not analyzed in the genome-wide metaanalyses. Interestingly, one of these additional phenotypes, trochanteric BMD, was associated with APOE4 carrier status with a low p value (p =2×10 −4 ). A nominal association was also identified for LS BMD (p=0.01), but not for FN or total hip BMD. This discrepancy in the results is puzzling. Only few studies investigating the association with APOE genotype have reportedly assessed trochanteric BMD, especially in men. Therefore, even through the sample size generated by the present meta-analysis was thousands of individuals (n=3,904 in sex-pooled analysis and n=1,110 in men), we cannot rule out a spurious association, or an association driven by selective reporting, a phenomenon originally described in randomized trials [38] . Further, in meta-regression that accounts for the correlations among the different BMD phenotypes, the significance of the aforementioned associations diminished. While we are cautious to report this association solely based on nominal statistical significance that may not pass the correction for multiple comparisons, it is interesting to note that the associations that we observed seemed to be specific to BMD of skeletal sites composed primarily of trabecular bone and not those composed of cortical bone. Recent evidence suggests that genetic factors contributing to BMD are site specific and can be unique to different bone compartments [39, 40] . Moreover, it has also been shown that in women a period of accelerated trabecular bone loss begins at the time of menopause and plateaus 5-10 years later [41] . In men, however, a greater magnitude of trabecular bone loss compared to cortical bone loss occurs after the age of 70 years [42] . We can speculate that genderspecific differences in the patterns of trabecular bone loss with age can potentially mask genetic associations in crosssectional studies and help explain inconsistencies in the results between men and women. Also, ethnical differences may play a role as the only two studies that individually reported significant associations with BMD were performed in Asian populations. Whereas we observed a protective effect of APOE4 on the risk of vertebral fractures in men based on two studies only, we were unable to detect consistent associations between APOE4 genotype and incidence or prevalence of bone fractures at other anatomical sites. It may be that an APOE4 effect on fracture risk is observed only in the presence of suboptimal nutritional status. That is, it has been suggested that renal failure patients undergoing hemodialysis have an increased risk of fracture if they carry the APOE4 allele due to their tendency to have lower circulating concentrations of vitamin K [43] . Moreover, given the established association between the APOE4 allele and Alzheimer's disease, cardiovascular disease and stroke [44] [45] [46] , it is plausible that the projected higher risk of fractures in carriers is a consequence of the presence of other underlying health conditions rather that the direct effect of APOE4 on the bone. This study's limitations include the fact that, like all meta-analyses, the present study is susceptible to reporting biases. When publication bias and outcome reporting bias operate, negative (statistically non-significant) associations are not published at all or are not reported in sufficient detail for inclusion in analyses. This results in an overrepresentation of statistically significant findings in the meta-analyses, and potentially spurious results. In our case, most analyses were statistically non-significant and only trochanteric (and marginally LS) BMD were nominally significant. It is impossible to deduce whether reporting biases are responsible for the observed association of trochanteric BMD with APOE4 status or whether the association is genuine. Further, we could not perform meta-analyses adjusted for a range of effect modifiers or confounders, such as physical activity, age, diet, and hormonal status in women (menopausal status, hormone replacement therapy) because these require individual level data. Although we adjusted for statin use, we were unable to include information on the dose or duration of use. Some studies have implicated statins as protective for hip fracture [47] . However, the oral route of these agents is unlikely to produce meaningful peripheral concentrations in the skeleton as their action requires contact with bone cells, whereas statins passing through the liver reach the skeleton. Moreover, APOE plasma concentrations may be responsible for some of the effects. Whereas the APOE4 allele is associated with lower plasma concentrations of APOE compared to APOE3 and APOE2 alleles, its affinity for the LDL receptor is higher compared to either APOE3 or APOE2. While not well understood, these are two opposing effects which may cancel any effect due to the allele [48] . However, blood APOE levels are not usually measured in population studies, so we cannot address this potential confounding effect. Nevertheless, in previous metaanalyses of numerous genetic determinants of BMD and fractures based on individual patient data, various adjustments did not affect the results in any appreciable way [49, 50] .
In summary, we find suggestive evidence for associations between LS and trochanteric BMD and APOE4 carrier status. However, these results were either based on a subset of the identified studies or are sensitive to single influential studies, and do not attain the stringent levels of statistical significance that are typically required for hypothesis forming research. The results of our study do not support the hypothesis that the APOE4 allele exerts direct effects on BMD or fracture risk. Therefore, it is unlikely that carriers of the APOE4 allele are at greater risk for bone loss or require more aggressive therapies to prevent osteoporosis compared to those who are not carriers of the allele.
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